ABSTRACT An attempt has been made to decide upon the most reasonable equivalent circuit that will describe the passive linear properties of the Purkinje strands of sheep heart muscle. In order to do this, measurements were made of the phase angle of the characteristic admittance as well as the longitudinal impedance, both as functions of frequency. The results of both types of experiments indicate the presence of a longitudinally oriented capacity with a time constant of about 60-70 sec. It is suspected that this capacity and time constant represent the connection between the cells, both radially and longitudinally. The plasma membrane contains another capacity with a time constant of about 15 msec.
INTRODUCTION
The Purkinje strand (false tendon) of the sheep heart continues to serve as a particularly useful type of cardiac muscle for electrophysiological experimentation. Despite some structural differences between Purkinje strands and ventricular muscle, the coupling between the cells appears to be identical (Sommer and Johnson, 1968) . Recently Fozzard (1966) , Weidmann (1966) , Johnson and Sommer (1967) , Sommer and Johnson (1968) , and Page, Power, Fozzard, and Meddoff (1969) have related physiological and microscopic studies in order to explain the electrophysiological findings. The view that we obtain from these studies is that the coupling between the cells is purely resistive and that two capacities separate the myoplasm from the extracellular space. These two capacities, Cm and C,, in Fig. 1 A, are at the surface of the cluster of cells that comprise the electrically excitable portion of the strand and are recognizable from each other because one has a resistive element, Re, in series with it. The experiments reported in this paper, however, suggest an alternative interpretation. It is that the coupling between the cells is in part through a capacity and that only one capacity is to be found at the surface of the cluster of cells.
At the outset of this project, we knew from the work of Fozzard (1966) and that of Dudel, Peper, RUidel, and Trautwein (1966) that the equivalent circuit had at least two time constants. These authors assumed that one could ignore a possible capacitive component in the longitudinal flow of current and that the two capacities were for radial current. We shall make the same assumptions initially in order to simplify the presentation here, although later we shall describe a capacity that is encountered by the flow of current in the longitudinal direction. These assumptions lead to four possible, four element equivalent circuits for the radial flow of current that we should consider. Each of the circuits has two time constants. The canonical or simplest forms of these circuits are illustrated in Fig. 1 . If one allows five elements (three resistances and two capacities) in the two time constant circuit, there are twelve canonical forms.' None of the 12 circuits will behave as a pure capacity at very high frequencies. In general, biological membranes do behave as pure capacities at very high frequencies and we therefore make the assumption that Purkinje strands are not exceptional in this regard. Therefore we have not added a resistance in series to each circuit in Fig. 1 . Fozzard (1966) chose to interpret his data by assuming that circuit A in Fig. 1 represented the structure of a Purkinje strand. The resistance, Rm, and capacity, Cm, in parallel were taken to represent the plasma membrane that separates the inside of the cells from the outside. The term plasma membrane, as used here, refers to the electrically excitable membrane that produces the action potential. Capacity Ce in circuit A is in a membrane between the inside of the cells and a space that is connected to the external solution through a resistance Re. It must be assumed in this circuit that the membrane resistance in parallel with C is either so large that it cannot be measured or, more likely, that it is distributed between Re and R, . Resistance, R,, could be in the clefts between the cells; it is probably not in a transverse tubular system because this system is poorly developed or absent in Purkinje cells (Sommer and Johnson, 1968) . Fig. 1 B is also a possibility for the likely equivalent circuit. Here one could assume that R, and C, represent the resistance and capacity of the plasma membrane. The resistance and capacity, Rnr and C, could represent another barrier in series with the plasma membrane. This other barrier could be the connections between the cells (nexus or tight junctions) or the basement membrane that surrounds the bundles of cells.
The circuits C and D in Fig. 1 do not seem to be likely possibilities. The plasma membrane of electrically excitable cells must generally be represented by a resistance and a capacity in parallel. The plasma membrane would then be represented by C and R in these circuits. The structural nature of the pure capacity, C2, in circuit C, or pure resistance, R 2 , in circuit D, in series with the plasma membrane is difficult to imagine. Also, the nature of the components in parallel with the plasma membrane would have to remain mysterious. It seems to us, therefore, that the circuits A and B in Fig. 1 are the most likely canonical forms from which we have to choose. Of course it is possible, or likely, that the Purkinje strand is represented by a two time constant circuit that has more than four elements in it and is not a canonical form. In that case, all one can do is to choose the canonical form that is the closest approximation to the structure. Preliminary reports of this work have already appeared Trautwein and Freygang, 1969) .
METHODS
The experiments were performed on Purkinje strands from sheep at temperatures between 350 and 37 0 C. The preparations used for the phase angle measurements were 1 cm long, or longer, and relatively thin without branches. The composition of the solutions in which the preparations were immersed is listed in Table I . A mixture of 95 % 02 and 5 % CO 2 was bubbled through the solutions. At least a half-hour of immersion in each solution was allowed before measurements were made.
Measurements of the Phase Angle of the Characteristic Admittance, 0
The arrangement of the apparatus for this type of experiment is illustrated in Fig. 2 . The method is essentially the same as the one described by Freygang, Rapoport, and Peachey (1967) . The crux of the method is avoidance of the complications that arise from the capacity across the wall of the micropipette with which membrane potential, r Ee A i St FIGURE 2. Diagram of the apparatus used to measure the phase angle of the characteristic admittance. The oscillator was part of a Princeton Applied Research two-phase lock-in amplifier. The oscillator was capacitatively coupled to the pipette on the left. The amplifiers, A and A, are shown in detail in Fig. 3 of Freygang et al. (1967) . The insulated aluminum shield between the electrodes almost touched the preparation in the solution.
E,, can be measured (the right-hand one). This was accomplished by holding the voltage inside this pipette at the resting potential of the impaled cell. The amplifier, A2, applied the negative feedback to do this. The pipette on the left side received the alternating c u r rent f rom the oscillator. The grounded shield between the pipettes reduced the capacitive coupling between them so that no cross-talk was seen except at the highest frequencies (3 kHz and higher). The amount of cross-talk could be observed when the left pipette was withdrawn so that its tip was just outside the cell while the right pipette's tip remained in the cell. The phase angle between the signals, E, and E,, was measured with a AD-YU Electronics Inc. (Passaic, N. J.) Type 405L-3 precision phase meter. Further details and an analysis of the circuit can be found in the paper of Freygang et al. (1967) . In order to record a curve that had a well-defined hump and did not exceed 45°w e attempted to have the tips of the pipettes as close together as possible in the preparation (Falk and Fatt, 1964) . Since one cannot see the tips after they have been inserted in the preparation, we adjusted their relative positions to one another so that the phase angles were a minimum at high frequencies. Despite these efforts, the phase angles did exceed 45°at high frequencies. The sinusoidal component of E, was less than 5 mv peak to peak.
Measurements of the Longitudinal Impedance
The chamber that we employed for the measurements of the longitudinal impedance is illustrated in Fig. 3 . One of the platinum black electrodes was connected to a grounded point in the Wheatstone bridge. The output of the bridge was amplified and observed on an oscilloscope. The source of the alternating current to the bridge was a Princeton Applied Research Corporation (Princeton, N. J.) Model JB 6 two phase lock-in amplifier. The amplified output of the bridge was also fed to the lock-in amplifier in order to achieve a balance of the bridge with very little current flowing in the preparation. The most current applied to the preparation was less than
. Schematic diagram of the chamber employed for the measurements of longitudinal impedance. Each of the two platinum-platinum black electrodes had an area of about 0.5 cm2. The vertical partitions through which the strand was pulled had holes that fit tightly around the strand and were smeared with silicone grease. The partitions were 1 mm thick.
1 A amp. At low frequencies and with much higher currents than this, it was possible to see action potentials and nonlinear behavior in the amplified output from the bridge. The capacity of the chamber without a preparation in it was subtracted from the measured capacities. Drift in the bridge balance was generally severe enough to require compensation. This was done by referring the readings back to those measured at a fixed frequency. It did not matter if the fixed frequency was high or low; the same corrected values were obtained in both cases. The source of the drift seemed to be the amount of fluid that surrounded the portion of the strand that was immersed in paraffin oil.
The readings from the bridge for the parallel conductance, G, and parallel capacitance, C, for each frequency were converted to the equivalent series resistance, Rs, and series reactance, X,, by means of the formulae
in which o = 2 r frequency. The values of R, were corrected for the resistance of the chamber by subtracting this value (generally 300t2) from the value of R,. One can calculate that this resistance was the resistance of the fluid in the holes in the parti-tions. The frequency-dependent series reactance of the junction between the electrolyte and the platinum black electrodes was too small to require subtraction of it from the values obtained when a preparation was in the chamber.
After the impedance measurements had been made, the Purkinje strands were frozen, sectioned, and stained. The cross-sectional areas occupied by the Purkinje cells and by the connective tissue were sketched from optical projections of the histological sections. The areas of 5-10 sections of each preparation were measured with a planimeter. The mean areas of each Purkinje strand and the mean percentages of the area occupied by the Purkinje cells in the sections are listed in Table VIII . In most preparations these percentages were rather constant, except in a few preparations in which side branches were cut. The data from those preparations with cut branches were discarded.
THEORY
The Phase Angle of the Characteristic Admittance, 0 A general circuit that describes a Purkinje strand is drawn in Fig. 4 . Any of the circuits for the radial flow of current in Fig characteristic admittance is given by equation 1
in which Z, is the impedance in the longitudinal direction and Z, is the impedance in the radial direction. Equation 1 can be easily obtained from the equations of Falk and Fatt (1964) . For the circuit in Fig. 4 , Z 1 is given by equation 2
Zr is given by equation 3 ¢fr, T, r _ T
The Longitudinal Impedance
As we have already discussed, the circuit in FIoURE 6. Circuit for longitudinal current in a Purkinje strand. ro, r,, ,m, and rnl have the dimensions of ohm/cm and CI and C, are F cm.
RESULTS
The Phase Angle of the Characteristic Admittance, 0
The result of an experiment is illustrated in Fig. 7 . The sodium concentration was low (12.3 mM) in the Tyrode solution, most of it having been replaced by choline in order to avoid nonlinear behavior. The two curves in Table I ). The dots are the experimental data. The dashed curve was calculated from equation 4 a, the solid curve was calculated from equation 4 b. T = 10 msec, T, = T,, = 0.11 msec, r,r/rp = 0.14 for both curves.
connections between cells, one might expect that the time constant for the radial connections should be the same as that for the longitudinally oriented connections. As will be described later, we did find that the two time constants were about equal. Clearly the better fit was obtained with equation 4 a at the higher frequencies. The significance of the last two points at high frequencies is dubious because of the cross-talk between the pipettes. At frequencies below 100 Hz, however, both equations fit the data equally well with the same values for the parameters. This part of the curve depends upon the values of Tp and r,,/r, and is not sensitive to the value of T,,.
When equation 4 b is employed, 0 cannot be greater than 45°. Values of 0 greater than 45 are possible with equations 4 and 4 a because the denomina-tors of these equations can have a negative sign. At high frequencies, and with the same values for Tp, r,,,/rp as well as for Tn, and Tn , which are the same, the values of 0 will be greater when equation 4 a is employed than when equation 4 is used. The difference between the values of 0 from equations 4 and 4 a at high frequencies depends upon the value of rm/rn . Generally the curves that we obtained experimentally were between the two extremes of the calculated curves in Fig. 7 . Our conclusion from this is that a longitudinally oriented capacity, such as cn, in Fig. 4 , plays a role in determining 0 and must be included in the equivalent circuit because values of 0 greater than 45°appear at high frequencies. The cross-talk between the pipettes is too small to explain the angles greater than 45°. As we shall describe later, the measurements of the longitudinal impedance also showed a capacity in the path of the longitudinal flow of current. In order to fit the theory to the experimental data, then, equation 4 should be used. Unfortunately, that requires that r/ra be evaluated. This greatly increases the amount of labor in the calculations. However, since both equations 4 a and 4 b fit the experimental data at low and intermediate frequencies as well as equation 4, we chose equation 4 b for this purpose because it is the simpler. We were therefore unable to evaluate Tn,, r/rn , and T from measurements of the phase angle 0. We could only estimate an upper limit for T., from equation 4 b, in addition to T, and r,,/r,, of course. We were, however, able to estimate r/r,z and T from the longitudinal measurements of impedance.
It is not difficult to evaluate T,, r,/rp, and the upper limit of T,, when equation 4 b is employed. Estimates can be made from approximate equations:
T tan 20 at the low frequencies, tan 20 T., (upper limit) --t at the high frequencies,
r.
(tan 20 -wcoT,,)( + W 2 Tp2) at the intermediate frequencies.
All the results given in Tables II through VII were obtained by using these approximate values as guides and then more accurate values were obtained by automatic digital computation using the method of least squares.
In experiments with a few Purkinje strands, the phase angles went almost to 450 at the intermediate frequencies and then gradually to larger angles at higher frequencies. Such a result can be approximated by equation 4 c. This equation applied when r, in Fig. 1 B is zero. Our suspicion is that r,, was small in these preparations because there were many radial connections between the cells.
The values of the parameters in the other likely equivalent circuit, Fig.  1 A, can be obtained from the values of T,, r,,/r,, and T Values for both sets of parameters are given in Tables II through VII . It should be remembered that the values of T,, are upper limits in these tables.
The Effect of Changing the Potassium Concentration
In an attempt to identify the components in the circuits that determine the relation between phase angle and frequency, we altered the composition of the external solution. Fig. 8 illustrates the results of an experiment in which the concentration of potassium was changed from 5.4 to 55.4 m. The effect was reversible when the strand was returned to the 5.4 mM potassium solution. The position of the micropipettes in the preparation was not altered during the change of solutions. Only the low frequency portion of this curve was altered by the change of solution. Tp was reduced from 11 to 4.2 msec and R,/R, was increased from 0.073 to 0.190 by the 55.4 mM potassium solution, if the data in Fig. 8 are treated as if Fig. 1 B were the equivalent circuit. This experiment shows the well-recognized effect of high potassium solutions in lowering the resistance of the plasma membrane (Noble, 1966; Dudel, Peper, Rudel, and Trautwein, 1967) . It seems reasonable that R,, C,, and T, represent the plasma membrane in the circuit in Fig. 1 B. Since the high frequency portions of these curves were not altered by the raised potassium concentration, it seems likely that Tr, rm/rnl, and T were not greatly altered by the change in potassium concentration.
If we treat the data in Fig. 8 as if the circuit in Fig. 1 A applied, we find that the high potassium solution lowered Tm from 2.80 to 1.23 msec and raised R,/R,n from 0.131 to 0.380. The change in T, was small (0.981-0.889). Therefore we should represent the plasma membrane by Rm, C,, and Tm in (Table I ). The curves are calculated from equation 4 b (fiber H, Table II ).
III. Lowering the potassium concentration increased T and Rp indicating the long recognized effects of low potassium on the resistance of the plasma membrane if Fig. 1 B is used as the model circuit. On the other hand, lowering the potassium concentration increased Rm and Tm if the circuit in Fig. 1 A is assumed. Rm is then the resistance of the plasma membrane in the circuit of Fig. 1 A. The capacities in both circuits (Figs. 1 A and B) were not significantly altered by the changes in potassium concentration, nor were the other parameters significantly altered. With respect to the significance of these results in terms of histological structures, the following views seem reasonable. If R, of Fig. 1 B was the resistance of the connections between cells, the insensitivity of R,, to changes in the potassium concentration of the external solution seems a reasonable result. One would not expect changes in the extracellular potassium concentra-tion to change the intracellular potassium concentration of the cells very much if the distribution of potassium is a Donnan equilibrium. The junctions between the cells are in contact with the internal potassium concentration. If Rn, were in the basement membrane, we might not expect it to be altered because the conductivity of the external solution would not be greatly altered by the changes in potassium concentration. Therefore both of these possibilities remain for the circuit in Fig. 1 B. For the circuit in Fig. 1 A, the results fit with the view that R. could be in the clefts between the cells because the conductivity of the Tyrode solution was not greatly altered by the changes in potassium concentration. If the membrane containing C, has a resistance, as it probably does, this resistance must be much greater than R,. This requires some explanation. If there were a resistance, Re,, in parallel with C, included in the circuit in Fig. 1 In the box heading primed parameters refer to those in the 1.0 mm potassium solution. 
Effects of Cocaine
The effects of adding 0.1% cocaine to the choline Tyrode solution were the same as those obtained when the potassium concentration was lowered. These results are summarized in Tables IV and V . Somewhat more pronounced effects were obtained with a 0.25% cocaine solution. Only R, in the circuit of Fig. 1 B or Rm in the circuit of Fig. 1 A was altered by cocaine. Again, it seems that these elements represent the resistance of the plasma membrane. With respect to R,, in Fig. 1 B, if it represents the resistance of the basement membrane, then this membrane is not sensitive to cocaine. This is perhaps unusual. If R,, represents the junctions between the cells, it would indicate that cocaine does not enter the cells or does not come in contact with the junctional membrane. If the effects of cocaine are considered in respect to the circuit in Fig. 1 A, we must conclude that the material in the clefts between the cells is not sensitive to cocaine. This material is probably a mucopolysaccharide having a composition like that of basement membrane. The resistance In the box heading primed parameters refer to those in cocaine solution. in parallel with C, must be much greater than r, because R, and C, were not significantly altered. This conclusion is the result of the same argument that we used with respect to Re, for the potassium experiments.
Effects of the Sucrose Solution
This solution (Table I ) was employed because of its low conductivity. The results obtained with the sucrose solution are summarized in Tables VI and  VII . If the circuit in Fig. 1 B is assumed, the value of T.r is seen not to change significantly. More important, the data at high frequencies were not altered by the change of solution. Thus it seems likely that T,,, T, 1 , and rm/rnl were not altered by the sucrose solution. This result would seem reasonable if T,, is located at the junctions between the cells because they would not come in contact with the external solution. If T,, were located in the basement membrane, we would certainly expect its value to rise in this low conductivity solution. This can be regarded as a strong argument against the basement membrane being the location of Rn, and C,,r. If R,r and C., were not altered much, we can see from Table VII that R, was reduced and Cp was increased by the sucrose solution. One might expect on physical grounds that the capacity would decrease in a solution of low ionic strength (Everitt and Haydon, 1968) . It may be that solutions of low ionic strength produce an increase in membrane capacity in the squid giant axon because when Guttman (1966) In the box heading the primed parameters refer to those in sucrose solution.
employed a sucrose gap she found the capacity to be four to eight times larger than the value she calculated from the measured surface area. The increase in capacity may also be a specific effect of sucrose. Measurements with direct current pulses also showed that the characteristic resistance of the Purkinje strands was lowered by the sucrose solution. The lowered Rp did not return completely to its original value when the strand was returned to Tyrode solution. It would seem that the lowered R, is the result of permanent damage to the plasma membrane by the sucrose solution. Other studies with sucrose solutions have shown a rise in the resistance of the plasma membrane (Trautwein, Dudel, and Peper, 1965) . Probably the discrepancy can be explained by the duration of the exposure to this solution. When the circuit in Fig. 1 A is assumed, a lowering of Tm also seems to be an effect of the sucrose solution. The cause is probably the result of the lowered resistance of the plasma membrane, as noted in the previous paragraph. T. was almost doubled. If Cm is assumed not to change, this effect seems to come from an increase in both C, and R,. Fozzard (1966) also found T to be increased in preparations immersed in this sucrose solution. If R, represents the resistance in the clefts between the cells, it is very reasonable that it should be increased by the solution of low conductivity.
In an attempt to find an easy explanation for the increases in C, and C , we examined the cross-sections of cells in frozen histological sections. No gross alterations in surface area of the cells could be found as a consequence of immersion in the sucrose solution. Apparently the structural changes responsible for the increase in capacity are beyond the resolution of light microscopy.
The Longitudinal Impedance
The measurements of the longitudinal impedance, after conversion into the series resistance, R,, and the series reactance, X, and correction for electrode resistance and stray capacity, yielded curves like the one in Fig. 9 . Two FIGURE 9. Locus of the longitudinal impedance of a Purkinje strand. The numbers above the points indicate the frequency at which the measurement was made (strand 2 in Table VIII ). The 600 angle of the high frequency distribution was found when a dummy circuit was employed. It probably arises from imperfections in the Wheatstone bridge.
distributions of data are apparent, a high frequency distribution and a low frequency distribution. In other experiments the dip in the values between the two distributions was deeper than the dip in this figure, but the curve in this figure is more typical of our results. When a Purkinje strand that had had its myoplasm squeezed out was used as the preparation, the high frequency distribution almost vanished. It would seem from this experiment that the low frequency distribution is a contribution of the connective tissue, although the presence of a reactance in the connective tissue was not expected. In order to confirm this, we used a piece of tendon from a heart valve to see whether it too had a reactance. Although the connective tissue of a tendon and a Purkinje strand may not be entirely the same structurally, we did find a reactance in the longitudinal impedance of the tendon that gave a low to intermediate frequency distribution. EGTA (ethyleneglycol-bis (-aminoethylether)-N, N'-tetraacetic acid) makes the connective tissue very soft and spongy while the Purkinje cells appear to be intact. The effect of EGTA is to remove the low frequency distribution. It seems likely, therefore, that the low frequency distribution is a contribution of the connective tissue and that the high frequency distribution arises from the Purkinje cells. The electrical constants for the circuit in Fig. 6 that describes the Purkinje strand were calculated in the following manner. The value of rm + r, was calculated from the specific resistance for direct current of the core of a bundle of Purkinje cells, 110 cm (Weidmann, 1952; Fozzard, 1966) , the cross-sectional area of the bundle of Purkinje cells, and the length of the strand. The cross-sectional area of the Purkinje cells and of the connective tissue was obtained from histological sections, as is described in the Methods section. Other constants were calculated from the following equations. R 1 , R2, and R3 are described in Fig. 9 , as well as f, and f2 .
With the use of the measured cross-sectional areas for the bundles of Purkinje cells and for the connective tissue, as well as the length of the strand that was in oil, the constants for the circuit in Fig. 6 were converted into specific resistances and capacities. These values are listed in Table VIII. From Table  VIII it can be seen that about 17% of the core resistance of the bundles of Purkinje cells is in parallel with a capacity. This specific resistance, p,l, presumably represents the resistance of the junction between the cells for the longitudinal flow of current. The value for p.l , which would represent the resistance of the junctional structures contained in a cubic centimeter of myoplasm, is 18 ohm cm. The specific resistance of the myoplasm alone was 92 ohm cm. The mean time constant for the junctions between the cells amounted to 64 usec. The physical significance of the other values, r 0 , pc, and kc which presumably represent the connective tissue and the Tyrode solution that surrounded the preparations, is not clear.
DISCUSSION

The Likely Equivalent Circuit
The measurements of 0, the phase angle of the characteristic admittance, strongly suggest that there is a capacity that is encountered by the longitudinal flow of current as well as by radial flow of current. The evidence for this view is that values of 0 that were greater than 450 were encountered when higher frequencies were employed. Perhaps there are other explanations for values of 0 greater than 45 °, but we cannot think of any. Attempts to explain angles greater than 45°as a result of branching in the preparation were not successful. Unfortunately we were unable to estimate the time constant of the longitudinally oriented capacity from the measurements of 0. From results like those shown in Fig. 7 , however, one can suspect that the time constant of the radial capacity is less than 100 /isec. Measurements of the longitudinal impedance indicate the presence of a longitudinally oriented capacity with a time constant of about 64 ysec. Since we did find a longitudinally oriented capacity that one might expect to be located in the junctions between the cells, as predicted by the measurements of 0, it seems reasonable to believe that the circuit in Fig. 1 B is the likely circuit and that Tnr = T 64 usec.
Other evidence for this view is the insensitivity of the measurements of 0 at high frequencies to changes in the external potassium concentration, cocaine, and the sucrose solution. These findings suggest that the structures that are primarily responsible for the values of 0 at high frequencies are located within the Purkinje cells and are therefore isolated from the extracellular solution.
On the other hand, our results with changes in potassium concentration, cocaine, or the sucrose solution support the circuit in Fig. 1 A very well. One can imagine that it represents the circuit for radial flow of current without there being a radially oriented capacity in the junctions between the cells. We calculate the following values for a Purkinje strand in 5.4 m potassium, Tyrode solution. These values are based on the assumption that the membrane is smooth; i.e., without folding. Such an assumption is far from the truth because Page et al. (1969) have shown that the membranes are quite extensively folded. Therefore the physical significance of these values is not at all clear. Their value lies in the use of them in generally describing the electrical properties of the strands used in rough calculations. We assume that R, has the generally encountered value of 1700 ohm cm 2 . Since r,/r, is 0.14, R,, = 240 ohm cm 2 . T, is about 15 msec, so C, is about 9 uF/cm 2 . T,, = T = 64
64-10-6 /Usec, so Cnr = -= 0.3 uF/cm2. These values represent the elements in 240 Fig. 4 . The values for Rn, and C., represent the resistance and capacity from the cell in which the two pipettes are located in the other cells radially adjacent to this cell. Since Purkinje cells are about 100 /y in length, Rnr, is higher and C., is lower than they would be if the cells were infinitely long.
The circuit in Fig. 1 A was originally proposed for frog skeletal muscle by Falk and Fatt (1964) . For this muscle, Ce was taken to represent the capacity of the transverse tubular system, which is absent or sparse in Purkinje strands (Sommer and Johnson, 1968) . In frog muscle, R, was thought to represent the resistance of some intracellular structure by Falk and Fatt (1964) and this view was supported by the experiments of Freygang et al. (1967) . Since in Purkinje strands R, seems to be sensitive to solutions of low conductivity as was shown by Fozzard (1966) and as can be seen in this paper, an extracellular location for R, seems probable. We would guess that C, is the capacity of the membrane in the clefts in the cells and that Re is the resistance of the substance in the clefts. Since the membrane in the clefts seems to be a continuation of the surface membrane, one would expect it to have the same properties as the plasma membrane per unit area of its surface. We can then estimate that the resistance of the membrane in the clefts is about 2500 ohm cm 2 for a square centimeter at the surface of the cluster of cells that make up a Purkinje strand. The capacity would be about 7.5 /uF/cm 2 for the membrane in the clefts. R, is estimated by Fozzard (1966) to be about 300 ohm cm 2 . The membrane at the surface of the cluster would have a resistance of about 7500 ohm cm 2 and a capacity of 2.5 AuF/cm 2 . Such values yield the quantities Rm = 2039 ohm cm 2 , Cm = 2.5 F/cm 2 , R = 336 ohm cm 2 , and C = 6.0 /uF/cm 2 for Fig. 1 A. These values are in accord with the estimates of Fozzard (1966) . If we consider that the longitudinal junctions between the cells are a flat surface, although we know that it is not a flat surface, we can calculate the longitudinal resistance between the cells. If we assume that the Purkinje cells are 100 /t in length, there are 100 cells per centimeter length. Therefore, since p,l was about 18 ohm cm, the resistance is about 0.18 ohm cm 2 . It is of interest here to note that Weidmann (1966) estimated that thej unctional resistance between the cells of calf myocardial tissue was 3 ohm cm 2 from his measurements of radiopotassium diffusion. The longitudinal junctional capacity of taenia coli has been estimated by Tomita (1969) to be 2 AuF/cm, which is close to our estimate (3.6 AuF/cm), but his estimate of T., was much longer (0.5 msec) than ours (64 usec). A capacity for the longitudinal junctions of 360 jUF/cm 2 can also be calculated. These numbers suggest that the conductive and capacitive coupling between the cells is very large indeed. A decision about whether these numbers are reasonable on anatomical grounds must await an estimate of the junctional area between the cells at the intercalated discs.
The Foot of the Action Potential
One way to test whether the complete circuit is possible correct is to try to calculate the time constant of the foot of the action potential from it. The necessary equations were obtained in the following way. The circuit in Fig. 4 was assumed. We also assumed that r,, and c are absent in this circuit because all the cells should be conducting with the same velocity and there should be no flow of current between cells in the radial direction. If V is the Laplace transform, with argument p, of the potential difference across the plasma membrane, i is the longitudinal current, x is distance along the length of the strand, r is the resistance of a unit length of myoplasm, r is the resistance per unit length of the junctions between the cells, and T., is the time constant of these junctions, we can write from the cable equations We can use the wave equation 
The radial flow of current, i, is also ir(x,p) = (1 + pT,)(x,x,) (10) rp in which r, is the resistance per unit length of the plasma membrane and T, is the time constant of the plasma membrane. Combining equations 9 and 10 and applying the inverse Laplace transform, we obtain the final equation.
V"' + AV" + BV in which the primes denote derivatives with respect to time and (mean from Tables II, IV, and VI) p, = 91.8 ohm cm (Table VIII) The reciprocal of the one positive root of the cubic equation is 0.03-0.04 msec, which is in the range of the average time constant of the foot of the action potential that Fozzard (1966) measured, which was 0.1 msec. This calculation should not be taken very seriously because it is very sensitive to the parameters that are chosen. Its value is only in showing that this test of the circuit does not rule it out.
